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Abstract 
The relationship between chemical composition, flash point, and ignition energy was ex- 
amined for eight samples of aviation kerosene (Jet A) with flash points between 29°C 
(84°F) and 74°C (165°F). We report the results of liquid characterization by two dif- 
ferent laboratories. We use the results of headspace gas chromatography carried out 
by Woodrow and Seiber t o  characterize the vapor composition at liquid mass loading 
fractions of 3 and 400 kg/m’. The composition data were analyzed to  obtain analytical 
representations of vapor pressure and average molar mass as a function of temperature for 
each flash point fuel. The relationship between composition and flash point is examined 
by using two prediction methods. The first method is based on the notion of a critical 
value of fuel-air mass ratio at the flammability limit. The second method is based on 
Le Chatelier’s rule for flammability limits. Both methods show a reasonable correlation 
between measured and predicted flash point. The relationship between flash point and 
ignition temperature threshold at a fixed spark ignition energy was examined for four 
fuels. A linear correlation was obtained for an ignition energy of 0.3 J. The effect of fuel 
weathering was examined by determining the flashpoints of seven fuel samples obtained 
from flight tests. The flash point increased about 8°C for fuel that had been exposed to  
5 take-off, cruise, and landing cycles. 
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1 Introduction 

This study is a portion of the research program on aviation kerosene (Jet A) explosion 
hazards carried out by the Explosion Dynamics Laboratory at the California Institute 
of Technology (Caltech). This research was sponsored by the National Transportation 
Safety Board (NTSB) as part of the investigation into the TWA 800 accident on July 17, 
1996. 

Following this accident, the NTSB made safety recommendations (NTSB, 1996) aimed 
at reducing airplane fuel tank flammability and explosion hazard. These recommenda- 
tions include minimizing potential ignition sources, reducing tank temperature, inerting 
the ullage, and possibly raising the fuel flash point. In response to  these recommen- 
dations, the FAA (FAA, 1997) has asked the aviation industry (through the Aviation 
Regulatory Action Committee or ARAC) to  consider a wide range of issues related to  
fuel tank flammability. The ARAC study (ARAC, 1998) included considering fuel flash 
point modification. The ARAC group concluded that a flash point increase to  at least 
140°F would be required to  reduce the exposure level in center tanks to  the level experi- 
enced now by wing tanks. Subsequently, the FAA has proposed new rules (FAA, 1999) 
governing fuel tank systems and a review of center fuel tank system design that includes 
“means to minimize development of flammable vapors in fuel tanks, or means to prevent 
catastrophic damage if ignition does occur.” 

As part of the ARAC study, fuel refiners considered the costs of various increments in 
flash point. However, this study was carried out in the absence of data on the effectiveness 
of changing flash point in reducing fuel tank flammability. There is an implicit assumption 
that an increase in flash point is, degree for degree, equivalent t o  decreasing the fuel 
temperature. There is no test data or analysis that supports this assumption. Indeed, 
the relationship between composition, flash point, and spark- or thermal-ignition hazard 
for a complex fuel such as aviation kerosene has never been explored in detail. This was 
the motivation for the present study. 

The difficulty in establishing a relationship between fuel composition, flash point, 
and spark ignition hazard for a fuel like Jet A is due to a number of factors. Aviation 
kerosene fuels are complex mixtures, containing hundreds of species in vaIying amounts 
depending on the crude oil, refinement process and the time of the year. The vapor 
composition is different from that of the liquid and depends strongly on the temperature 
and to a lesser extent, the amount of liquid fuel in the fuel tank as measured by the mass 
loading, the ratio of liquid mass to total tank volume. Finally, the explosion hazard of 
fuel vapors depends on the nature of the ignition source. The petroleum industIy and fuel 
safety analysts often rely on the measured flash point to rank the explosion hazards of 
different fuels. The relationship of flash point t o  spark or hot surface ignition is largerly 
unexplored for multi-component fuels. Moreover, flash point is an empirical fuel property 
specific t o  a particular pressure and mass loading. 

The study reported here is a first step in understanding the relationship between the 
vapor composition of a particular set of Jet A fuels and flash point. The relationship 
between flash point and ignition energy is also briefly reported; details of the ignition 
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energy studies are given in Shepherd et al. (1998) and Lee and Shepherd (1999) 

1.1 Outline of This Study 

The present study is based on eight fuels prepared by the ARCO Products Company 
(ARCO). Starting from a production batch of Jet A, flash point 114°F (45.6“C), ARCO 
created by distillation and mixing seven other fuels with a range of flash points between 
84°F (29°C) and 165°F (74°C). ARCO characterized the flash points and performed an 
analysis of the liquid properties of each fuel. 

The chemical analysis of the fuel liquid and vapor was performed by the Center for 
Environmental Sciences and Engineering, University of Nevada in Reno, NV (UNR). 
Headspace gas chromatography (GC) was used to determine the partial pressure of fuel 
vapor components from C5 to  CI3 at three temperatures (40, 50 and 60°C) and two 
mass-volume ratios (3 and 400 kg/m’). 

Caltech also carried out flash point measurements on each fuel type, physical vapor 
pressure measurements on the base fuel, and analyzed the headspace GC results. Spark 
ignition measurements were carried out on a subset of the fuels. Empirical theories of 
the flammability limit were used to correlate GC data, flash points and spark ignition 
limits. 

2 Fuels and Characterization 
ARCO (DeJovine, 1998) provided Caltech with samples of Jet A that had been pr+ 
cessed in order t o  obtain a range of flash points between 84°F (29°C) and 165°F. ARCO 
performed standardized tests on the fuel and chromatography (PIANO’ analysis) t o  
characterize the liquid fuel. 

2.1 Fuel Preparation 

The fuels were prepared by ARCO from a common feed stock derived from their produc- 
tion of commercial Jet A. Successive amounts of light ends were removed by distillation 
from the base fuel t o  create higher flash point mixtures. A small amount of the overhead 
was added to the base fuel t o  reduce the flash point t o  85°F. The distillation column and 
procedure used are described in ASTM’s standard test method D2892. 

The base fuel (Jet A) was distilled and the first 2.5 weight percent of the overhead 
(OH) was collected (the distillate is designated 2.5 wt% OH). The lower flash point 
(84-87 O F )  fuel was created by mixing 91 wt% of base fuel with 9 wt% of the overhead 
(2.5 wt% OH). The resulting fuel blend is designated by the distillate name “2.5 wt% 
OH” in this report. The higher flash point fuels were created by distilling the base fuel 
and retaining only a fraction of the bottom of the distillation (Btm). These fuels are 
designated according to  the fraction of the initial fuel weight used to create them. A 

‘Paraffins, Isnparaffins, Aromatics, Napthalenes, Olefins 



2.2 Liquid f ie1  Characterization 3 

value of :E in the designation “:E wt% Btm” means that the initial 100 ~ :E wt% distillate 
was removed from that lot. In increasing order of flash points, the fuels are: one lot of 
base Jet A enriched with 9 wt% of light hydrocarbons (2.5 wt% OH), one lot of Jet A 
(base fuel), and six lots of concentrated heavy hydrocarbons from the mixture base jet, 
ranging from the lowest in molar mass (97.5 wt% Btm) to  the highest (85 wt% Btm). 

2.2 Liquid Fuel Characterization 

ARCO characterized the composition of the liquid fuel using the PIANO method and the 
same fuels were analyzed by UNR using gas chromatograhic methods and comparison 
with reference hydrocarbons. In addition, ARCO carried out all the tests called for in 
the ASTM D1665 specification of Jet A and demonstrated that these fuels either met or 
only slightly deviated from the requirements in all tests. 

2.2.1 ARCO Liquid Analysis 

PIANO stands for Paraffins (P), Iso-paraffins (I), Aromatics (A), Naphthenes (N), and 
Olefins (0). About 1 microliter or less of liquid sample is injected into a 100-meter GC 
column with about 200:l split ratio. A flame ionization detector and retention time 
library is used to  identify compounds with a carbon number up to  14. This method is 
based on ASTM test method D 5134-92 but uses a 100-meter capillav column instead 
of a 50-meter column. The PIANO method is mainly used for gasoline-type samples, 
which is why it is limited to  compounds with carbon numbers less than 14. Any C15 
compounds or heavier are reported as unknown. That is the main reason why 50% of 
the Jet A samples are reported as unknown, since Jet A is much heavier than gasoline. 
GC-MS studies at Caltech identified compounds with up to  C20 in similar flash point 
Jet A samples (Shepherd et al., 1997) as did UNR in their study. 

2.2.2 UNR Liquid Analysis 

The same fuels were analyzed at UNR (Woodrow, 2000) by injecting the neat liquid 
into a gas chromatograph and using a flame ionization detector t o  determine retention 
times for compounds grouped by the number of carbon atoms. The GC was calibrated 
against a mixed hydrocarbon standard with between 5 and 20 carbon atoms and the 
data was analyzed as described further below in Section 2.4. This analysis method 
does not discriminate between different types of molecules (alkanes vs. aromatics, etc.) 
but does have the advantage that essentially all of the liquid is quantified, unlike the 
PIANO method that did not identify about 50% of the mass. The results are given in 
Fig. 3. The average molar mass of the liquid was computed from these measurements 
t o  be between 169 g/mol (30°C flash point) and 181 g/mol (73°C flash point). Raoult’s 
law (see Section 4) and pure component vapor pressures were used to  estimate vapor 
compositions and molar masses by Woodrow (2000). These estimates are in reasonable 
agreement with the direct headspace GC measurements of vapor properties. 
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4 5 6 7 8 9 1 0 1 1  1 2 1 3  
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Figure 1: The liquid composition for the eight ARCO fuels rneasured using the PIANO 
metliod by 4R.CO (DeJovine. 1998). Carbon subsect,ions by mass percentage; about 50°T8 
of tlie mass is not, qimntified 
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Figure 2: The liquid cornposition for the eight ARCO furls measured usirig the PIANO 
method by 4RCO (DeJovine, 1998). Fractions of various molecular types; ahout 50% of 
tlie mass is not, quantified. 

2.3 Flash Point 

Tlie fuel flasli point,s mere measured by hR.CO and Caltecli with tlie Tag dosedkup 
apparatus and t,he results are given ill Table 1 and Fig. 4. Tlie flash point of a fuel is not 
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Figure 3: The liquid composition for the eight 4RCO fuels measured by UYR (\/Voodro~v, 
2 0 0 0 ) .  

it fiintlitnicnt,al property hiit, rathcr t,hc result of a. stantlartlizctl test ca,rricd out a,t oiic 
spccific fiicl loa,tling aiid a,tniosphcric prcssurc. 

Tlie most commonly-used standard test met,liod used t,o measure the flasli points of tlie 
fuels is desigiiat,ed D56 (the tag test,er) by t,he American Society for Testing aiid Materials 
(ASTM D56, 1988). The flash poiiit is measured by gradually lieat,iiig 50 ml of fuel in a 
conta,irier of 130 nil volume. At regular t,emperature intervals during t,lie heating processl 
the vapor generated above the liquid in the vessel is put in contact with a s r d l  flame for 
o m  second. Thc tcinpcratiirc a,t mThich the first ignition occiirs is thc “fla,sh point” . Note 
t,liat, conitimioiis cornihiistion is riot, cst,ahlishctl hiit oiily ii t,ransiciit, hiirn or “flitsli” . As 
discussed in the -4STRiI D56 [locumriit,atiori, tlie repeatability and reproclucibility of this 
test, has been determined experiinentally by multiple trials oii identical sarnples. For the 
temperature range of iiit,erest in the present study, the repeatability betmeen successive 
measurements by the same operat,or will exceed 1.1“C only in oiie Case out of t,wenty. 
The reproducibilit,l- betweeri different laboratories is reported to exceed 2.2“C: only in one 
case out, of twent,y. 

-volimic ritt,io of approxiriiat,cIy 
300 kgjrn’ (sliglitly less than a half-full container) which can he categorized as a high 
mass-volume ratio in t,erriis of the flarnmahilit,y of t,lie fuel vapor (Shepherd et al. 1998, 
Lee and Shepherd. 1999). 111 this study, flasli poiiit and vapor pressure nieasurenient,s at 
high mass-volume ratio are used to correlate t,he fla,sh point with both fuel-air mass ratio 
and LeChatelier’s rule. 

Note t,lia,t, thcrc is no acccptctl iiicthotiology for cxt,rapolat,iiig a flasli point, rncasnrcti 
by -4SThI D56 t,o other iriass loadings and initial pressures. Once TW liave correlated t,lie 
flash point mit,li other vapor properties, it may in fact be possible to give a reasonable 
extension of the flash poiiit iiotion to other c,onditioiis. This is of great, interest to 
aviation safety studies since a variety of fuel tank loadings aiid altitudes (pressures) are 

Iii t,lic D56 t,cst,, t,lic flasli point is ~iicusiirctl at, a 111’ 
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encountered in the course of a typical transport airplane flight. In the case of the TWA 
800 crash, the explosion conditions were a mass-volume ratio of 3 kg/m9 and an altitude 
of 14 kft (pressure of 0.585 bar) 

+measured by EDL 

Table 1: Fuel flash points 

EDL ARCO 
Fuel sample's Fuel sample's measured measured 
descriptive designation Flash Point Flash Point 
designation in this report "C("F) "C("F) 
Base Jet  A + 2.5 wt% OH 2.5 wt% OH 29.0 (84.2) 30.6 (87)* 
Base Jet  A Base Fuel 46.4 (115) 45.6 (114) 
Jet  Fuel 97.5 wt% Btm 97.5 wt% Btm 54.0 (129) 55.6 (132) 
Jet  Fuel 95 wt% Btm 95 wt% Btm 59.5 (139) 59.4 (139) 
Jet  Fuel 92.5 wt% Btm 92.5 wt% Btm 65.0 (149) 64.4 (148) 
Jet  Fuel 90 wt% Btm 90 wt% Btm 68.9 (156) 70.6 (159) 
Jet  Fuel 87.5 wt% Btm 87.5 wt% Btm 71.2 (160) 71.1 (160) 
Jet  Fuel 85 wt% Btm 85 wt% Btm 73.5 (164) 73.9 (165) 
*This value was remeasured by ARCO in September 1999 

Figure 4: The flash points for t,Iic eight, XRC:O fiicls of Table 1 iiica,surctl at C:IT mTith 
thr Tag closcd-cup tcstcr (ASTM D56, 1988) a,nd iiica,surctl by XRC:O (DcJovinc, 1998). 

2.4 Vapor Gas Chromatography 
James E,. VLToodrow of UNR analyzed the jet fuel vapor and provided the dat,a to  Caltech 
(\/Voodro~v, 2000). A headspace GC niet,liod (U;oodrow and Seiber. 1997)  as used to  de- 
termine the partial pressures of the individual fuel componeiits and total vapor pressures 
for t,he eight fuel samples listed in Table 1. The total vapor pressures were c a l d a t e d  
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by assuming a model of jet fuel vapor consisting of just a few n-alkane reference stan- 
dards, i.e., the jet fuel vapor, a complex mixture of hydrocarbons, was not completely 
characterized. Measurements were made at 40, 50, and 60°C (104, 122 and 140°F) and 
at vapor volume-t+liquid ratios (V/L) of 1.2 (half-filled tank; N 400 kg/m’) and of 274 
(nearly empty tank; N 3 kg/m’). The method was calibrated using a mixed hydrocarbon 
standard, which consisted of an equal volume mix of the normal alkanes pentane (CsH12) 
through dodecane (C12H2cj) or tridecane (C13HZX), for some samples. The mixed standard 
was processed in the same way as the fuel samples. Using the GC retention times of the 
hydrocarbon standards, the fuel vapor chromatograms were divided into eight subsec- 
tions (Cs, Ccj, C7, Cx, C!], ClO, (311, C12), sometimes nine (with CIS). Each subsection 
was approximately centered about the retention time of a hydrocarbon standard, using 
the carbon number for designation. The peak areas in each subsection were summed and 
treated as single peaks in the vapor density regression equations to calculate subsection 
vapor densities. The latter were used to calculate subsection partial pressures for the fuel 
samples. The subsection partial pressures were summed to  obtain total vapor pressures 
for each fuel. 

Two sets of data are produced, one for each of the mass-volume ratios (400 kg/m’ 
and 3 kg/m’). In each of the sets, the subsection partial pressure and subsection vapor 
density are listed at the three temperatures (40, 50 and 60 “C) for each of the components 
detected in the fuels. The fuels’ vapor pressure is then calculated in each case by adding 
up the subsection partial pressures. The component’s subsection mole percent in vapor is 
calculated as the ratio of the component’s partial pressure to  the fuel vapor pressure. The 
part of this data used here consists only of the pressures and the molar mass (Tables 2 
and 3). 
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3 Data Analysis 
The main goal is t o  relate the experimentally determined flash points with the measured 
vapor composition. In order t o  do this, we need to  relate the flash point t o  some average 
property of the fuel vapor. Empirical models of flammability suggest at least two such 
properties: 1) the mean fuel-air mass ratio; 2) a weighted sum of the fuel concentrations, 
which we dub the Le Chatelier ratio. In order to compute these quantities as a function 
of temperature, we need to  represent the limited data from the headspace GC so that we 
can evaluate partial pressure and molar mass at temperatures other than the measuring 
points of 40,50 and 60°C. We do this by fitting the data to  physically motivated functional 
forms that have been sucessfully employed in previous studies. We can check our work 
for the base fuel because detailed independent measurements of the vapor pressure are 
available. 

3.1 Vapor Pressure 

In a previous work (Shepherd et al., 1997), a model based on the Clausius-Clapeyron 
relationship was used to correlate the vapor pressure with the fuel temperature for Jet A. 
The Clausius-Clapeyron relationship is an exact thermodynamic identity, but we will use 
an approximate version. In the case of an ideal gas vapor, negligible liquid specific 
volume, and constant heat of vaporization, the Clausius-Clapeyron relationship can be 
integrated to  obtain: 

Po = C1 exp(-CZ/T); (1) 
where Po is the vapor pressure and T is the temperature. We will obtain the coefficients 
C1 and Cz by fitting Eq. 1 to experimental measurements. 

The vapor pressure of ARC0 base fuel was measured using the procedure described 
in Shepherd et al. (1997) and calculated based on the GC measurements (Woodrow, 
2000). Both results are shown in Fig. 5 together with previous (Shepherd et al., 1997) 
experimental data for a sample of LAX Jet A (flash point of 48°C) used in some of the 
CIT tests. Note the excellent agreement between the three sets of data. 

Since these measurements were performed at high mass-volume ratios (half-full con- 
tainers), the composition of the fuel vapor was not influenced by the depletion of low- 
molecular weight components. A least-squares fit to the logarithm of the vapor pressure 
as a function of the inverse temperature (Fig. 6) is used to  extract the coefficients of 
Eq. 1 for the base fuel, resulting in the following fit: 

Po = 2.256 x 10"exp(-3899/T), (2) 

where Po is the vapor pressure (mbar) and T is the temperature (K). The same procedure 
applied to  the three vapor pressure measurements of Woodrow (2000) yields: 

P = 6.465 x 10"exp(-4243.3/T); (3) 

where Po is the vapor pressure (mbar) and T is the temperature (K). To compare these 
two results, these two fits were evaluated at temperatures ranging from 0 to 100°C and 
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5 -  

plotted together in Fig. 7. We observe that in a restricted range of temperatures (from 
20°C to  70”C), the difference between the two functions is less than 10%. We conclude 
that within this range of temperatures, the simple correlation of Eq. 1 for the vapor 
pressure is reasonably accurate when fit to vapor pressures from GC data (Woodrow, 
2000) taken at  only three temperatures (40”C, 50”C, and 60°C). Equation 1 was used to  

400 ks/m3 A d  

0 @ 
- A  

0 
()d 

fit, the vapor pr iirc tlcpcritlcncc oii iiivcrsc t,crnpcratiirc for t,lic scvcri ot,licr ARCO fiicl 
sarriples list,ed in Table 1. For each fuel, tlie coefficients of the fit are determined from 
vapor pressures calculat,ed from GC measurements (Tables 2 and 3) at t,liree temperatures 
(40°C; 50°C. and 60°C) and two mass-volume ratios (400 kg/in3 and 3 kg,’m3). Figure 8 
illustrates the quality of tlie fit,s that are obtained and the resulting coefficients are sliowii 
in Table 4. The dependence of the vapor pressure on temperature for a massvolume 
ratio of 400 kg-/m” is sliowri in Fig. 9. At, a givcri tciiipcratiirc, thc vapor prcssiirc is 
o1)scrvcti to tlccrcasc as thc flash point, of t,lic fiicl iiicrcascs. Wc also obscrvc t,liat, as the 
flash point of the fiicl incrcascs, t,lic ticpcri(1cncc of t,lic vapor prcssiirc ori  t,crripcratnrc 
is weaker; i.e., the slopes of the curves decrease. Finally, TT% observe that as the flash 
point of the fuel increases, the vapor pressure at the flash point temperature appears 
to decrease systematically. Figure 10 shows similar behavior for a mass-volume rat,io of 
3 kg/n’3. 
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2.5 3.0 3.5 4.0 
1OOOIT (K) 

Figure 6: Least, squares fit on a log scale used to  determine the coefficients of the vapor 
pressure fit Eq. 1 for XR.CO base fuel (mass-volume ratio = 400 kg,’~n”). Da,ta from CIT 
iiieasureiiient,s (Shepherd et al. 1997’). 

Based 011 CIT data .. 

Bascd 0; UNR data 

0 I 

20 30 40 50 60 70 
Temperature (“C) 

3.2 Vapor Molar Mass 
The average molar mass can be calculat,ed from the GC analysis of a fuel. Although 
pliysic,al and chemical properties relat,ed to the multi-component nature of a fuel are lost 
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Fuel 

Base Jet, ,4 + 2.5 ut% OH 
Ease Jet -4 
Jet Fuel 97.5 wt% Etm 
Jet Fuel 95 mt,% Btni 
Jet Fuel 92.5 wt% Btm 
.Jet Fuel 90 mt,% Btm 
Jct Fucl 87.5 wt% Btiii 
J c t  Ricl 85 wt,% Btrri 

13 

Flash Poi& 

29.03 
46.42 
5i.03 
5'3.55 
65.05 
68.93 
71.20 
73.48 

Pc:) 

Fig[ 

l o o  € 0 2.5 wt'%OH 3 7 . 8  'C 
Base Fuel 45.6 "C 

1 97.5 wt% Btm 55.6 ~C 
A 95 wt'%Rtm 59.6 'C 
0 92.5 wt% Btm 64.4 ~C 
0 90 wt% Rtm 70.6 T 
0 87.5wt%Btin 71.1 ~C 1 A 85 wt"/Btm 73.9 T 

I '  4 I 

2.8 3 3.2 3.4 3.6 
1000 I T (Kj 

! 8: Vapor pressure (rnhar) as a function of 1000/teniperature (E() fc 
different, 4RCO fuels. The trendlines are the fits t,o Eq. 1. 

t,he eight, 

Table 4: Coefficient,s of t,he vapor pressure fit for each of the eight ARC0 fuels for two 
cases of mass-volume ratio 

-400 k; 
c: 1 

4387817 
6464809 
li733009 
13652001 
24697083 
50522245 
28055100 
10530113 

~ 

13 

c:* 
3991 
3952 
5195 
5406 
5755 
5893 
,5649 
5929 

~ 

~ 

~ 

n.lien considering the average molar mass, it, can be used to  calculate rriany useful global 
parameters such as the fuel-air inass ratio. 

GC analysis was used to  calculate t,he average molar niass of the fuel vapor for t,he 
cight ARC0 fiicls invcstiga,tctl in this rcport,. The molar iiiass of thc fiicls was calculat,cd 
for t,lircc tcriipcrat,urcs (4o"C, 50°C: anti 60°C) arid t,xm in' -voliiiiic rat,ios (400 kg/in3 
arid 3 kg,/iii3j. Tlic rcsiilts arc shown in T a l h  2 arid 3 .  Figiirc 11 sliows the iiiolar 
mass as a furiction of temperature for tlirre of the fuels: 85~vt%~ Etm, base fuel: and 
2.5wt% OH. Between 40°C and 60°C; t,he niolar inass appears to  increase linearly with 
temperature. However. the dependence of molar inass on teiiiperat,ure is relatively weak. 
For example, at  a mass-volume ratio of 400 kg/~n'; the average molar Inass increases 
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Figure 9: Vapor pressure as a function of temperature. The trend lines are the fits to  
Eq. 1. The flash points of the fuels are also showii and tlie c,orresponding linear fit is 
iridiated by a dashed line. The niassvolurne ratio is 400 kg,/rn". 

0 2 3  mot% OH FP=29.0 "C 
+ Base Fuel FP=J5.6 ~C 

97.8 wvt% Rtm FP=54.0 'C 
A 95 ut% Btm FP=SY.C 'C 
0 92.8 \no% Btiii FP=hS. I "C 
o 90 ut% Btiii FP=68.9 'C 
0 X7.5 wt% Btiii F P 7 1 . 2  'C 
A 85 ut% Btm FP=73.5 'C 

/ 

+&/ . . . . . . . . . . . . . . . . . . . .  

0 " " " "  

i 
/ 

3 kglm' 

20 30 40 50 60 70 80 
Tcmpcraturc ("C) 

Figure 10: Vapor pressure as a function of temperature. The trend lines are t,lie fit,s to  
Eq. 1. The mass-volume rat,io is 3 kg/in3. 

from 110.4 t,o 113.8 g/niole as the teiiiperat,ure increases from 40°C to 60°C. This is due 
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to  the increase in the fraction of fuel components with a higher molecular weight in the 
vapor as the temperature increases, see Woodrow (2000) 

Figure 11 also shows that the molar mass at  3 kg/m' is systematically higher than 
the molar mass at 400 kg/m'. This is a result of the depletion of low-molecular mass 
fuel components at low mass-volume ratios (e.g. 3 kg/m'). From the data of Woodrow 
(2000), we conclude that the molar mass also depends weakly on the mass-volume ratio. 
Finally, Fig. 11 shows that for a given mass-volume ratio and temperature, the base fuel 
(flash point of 46.4"C) has a molar mass about 6% higher than that of 2.5wt% OH (flash 
point of 29.0"C), and that 85wt% Btm (flash point of 73.5"C) has a molar mass about 
34% higher than that of base fuel. Hence, the strongest influence on the molar mass is 
the type of fuel, i.e., the flash point of the fuel. 

I60 r 

A 85wt"h Btm at 3 kg/iid 
A 85~1% Btm a1 400 hg/111 
0 Base Fuel at 3 kg/m3 
=Base Fuel at 400 hg/iid 
0 2.5wth OH at 3 kdm3 
0 2.5wt"h OH at 400 kdm 

100 " " " " " " " " " " " " " " " '  
30 40 50 60 70 X0 90 

Temperature ("C) 

Figure 11: Molar masses at, 3 kg,/n? and 400 kg,/n? for three fuels: 85wt,% Btm (flash 
point of 73.5"CJ); ba,sr fiicl (flash point of46.4"C), arid 2.5wvtO/c OH (fla,sli point of 29.0'CJ). 
Tlir lincm fit for cadi casc is also shown. 

3.3 Fuel Vapor Composition 

The UNR report (Woodrow, 2000) cont,ains ext,ensive data on subsection mole perc,ent 
of tlir coniponcnts. This data aiitl thc compoiicnt part,ial prcssiirc arc iisctl to cxaniiiir 
t,lic r.clat,ion 1)ctwccn the vapor coiiiposit,ion aiitl t,lic flash point, of the fiicl. Tlic c 
t,crnpcr.atiirc 011 thc vapor conipositiori is also tiisciissctl. 

The part,ial pressures of the hydrocarbon fuel cornpoiients at 400 k g / d  are given in 
Table 2 and are shown graphically in Fig. 12 for a t,emperature of 60°C. The hydrocarbon 
component,s are identified by their carbon number from 5 to 13. For the loa. flash point 
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fuels such as 2.5wt% OH (FP=29.O"C), the fuel vapor is dominated by low-molecular 
weight (lighter) components such as C5 to C8. As the flash point of the fuel increases, 
the dominant hydrocarbon components in the fuel vapor shift towards high-molecular 
(heavier) components. This can clearly be seen in Fig. 13 which shows the subsection 
mole percent of the hydrocarbon components for each fuel. The most abundant h y d m  
carbon components for each fuel (components having the highest mole percent) shift 
systematically towards heavier components as the flash point of the fuel increases. 

I O  - 

8 -  

A 
i m a 

400 kd"? 
2.5 \\,to% OH FP=29.0 'C 

E3 Rasc Fucl FP=45.6 ~C 
0 97.5 vt'% Rtm FP=S4.0 ~C 
0 95 wt% Btm FP=59.6 'C 

92.5 wto% Btm FP=h5.I 'C 
90 wt% Btm FP=hR.9 'C 
X7.5 wt"% Btm FP=71.2 ~C 

0 X5 wt"%Btm FP=73.S ~C 

c 5  ch c 7  CR c 9  cin C I I  c 1 2  c13 
Carbon Number 

Figure 12: Partial pressures of hydrocarbon componeiits in tlie fuel vapor at, 60°C. 
400 kg,/nr'l for the eight A R C 0  fuels classified by flash point,. The va,lues of the pressures 
of C i  and C8 for 2.5at'X OH are indicated t,o the right of their respect,i\-e column. The 
peaks of tlicsc two coiiiporicrit,s a,rc not visiblc hccansc thc raiigc of t,hc vertical scale 
(prcssiircj was rctiiiccti t,o rriakc t,lic prcssiircs of t,lic ot,licr cornponcnt,s visiljlc. Data of 
Woodrow (2000). 

To more c,learly represent the effect of iiicreasiiig flash point on the fuel componeiits. 
the flash point, dependence of t,liree components spanning t,lie range of hydrocarbons is 
invcstigat,ctl. Thc thrcc components choscri to chara rim cach fiicl arc C5 (the lightest 
coiiiponciit,:). C9 (thc rrictliari corripoiicnt,) a,iitl C12 (t,lic sccoritl hcavicst cornpoiicnt,). Tlic 
I-xhvior of thcsc thrcc corripoiicnt,s is obscrvctl for cacli fiicl, itlcritifictl by it,s flash point. 
The deprriderice of t,lie partial pressure of the three cornporierits on flash point is shown 
in Fig. 1i. 4 s  t,he flash poiiit temperature increases, t,he partial pressures of C5 and C9 
decrease rapidly while tlie partial pressure of C12 remains relat,ively unchaiiged. Hence: 
the fraction of C5 and C'J in the vapor dec,reases with increasing flash poiiit. 

The subsection mole percent shows that as the flash point increases. t,he mole perc,eiit 
of C5 decreases (Fig. 15). The mole perc,eiit of CS increases and reaches a peak for 



3.3 Fuel Vapor Composition 17 

CS C6 C7 C8 C9 CIO C I I  C12 C13 
Carbon Uurnber 

Figure 13: Subsection mole percent of hydrocarbon components in t,lie fuel vapor at 60°C. 
400 kg/11’3. for the eight AR.CO fuels classified by flash point. Data of IVoodrow i2000). 
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Figure 14: Partial pressure of three hydrocarbon coinponents (C5, C9, and C12) in t,lie 
fuel vapor at 60°C; A00 kg/iii3; as a funct,ioii of the flash point,. Data of Woodrow (2000). 
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fuels with a flash point between 50°C and 60°C. The mole percent of C12 increases 
steadily as the flash point increases. The behavior of the mole percent of the three 
components highlights the systematic shift in concentration of components from light t o  
heavy hydrocarbons. For low flash point fuels around 30"C, the concentration of C5 and 
C9 is high. As the flash point of the fuel increases to about 50"C, the concentration of 
C9 is the highest. For the high flash point fuels around 70"C, the concentration of C12 
is the highest. 

3o I x x  

400 kglm' 

0 c12 

20 30 40 50 60 70 80 90 

Flash Point Temperature ("C) 

Figure 15: Subsection mole percent, of three hydrocarbon compoiients in fuel vapor (C15. 
C9; and C12) at, 60"C1 400 kgirn"; as a function of the flash point,. Data, of Woodrow 
(2000). 
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4 Flash Point Prediction 
The flash point has been successfully correlated with many other flammability properties 
for pure hydrocarbon fuels (n-alkanes) (Affens, 1966). A partial listing of these properties 
includes the lower flammability limit (LFL), the carbon number and the vapor pressure. 
A key concept developed from these studies is that the flash point temperature for a 
pure substance can be determined by finding the partial pressure of fuel at which the 
vapor concentration is equal t o  the LFL as measured with pure vapors. This idea was 
extended to  binaIy mixtures of hydrocarbon fuels using simple mixing rules and basic 
thermodynamic relations (Affens and McLaren, 1972). That work serves as the basis for 
our treatment of Jet A. 

We have used two separate prediction methods for determining the flash point of 
Jet A. First, we have used an empirical model of mixture flammability known as Le 
Chatelier’s rule and considered the fuel vapor to be composed of an idealized mixture 
of C5 to  C12 hydrocarbons as determined by Woodrow (2000). Second, we have used a 
separate empirical model based on a constant value of the fuel-air mass ratio at the LFL. 
The fuel-air mass ratio is predicted by using Woodrow (2000) measurements of vapor 
average molar mass and predicted vapor pressures. 

4.1 Flash Point Prediction with Le Chatelier’s Flammability 
Rule 

Le Chatelier’s flammability rule (Coward and Jones, 1952) is an empirical formula devel- 
oped to  correlate flammability limits for fuel mixtures of two or more components with 
the flammability limits of the individual components. Flammability limits for many fuels 
have been measured (Coward and Jones, 1952, Zabetakis, 1965, Kuchta, 1985) and are 
available for some of the C5 to  C12 species that make up Jet A. The flammability limit 
is usually given in terms of the fuel mole fraction Li for a mixture of fuel component i 
with air a t  sea level and room temperature. For a mixture of N components each with a 
fraction X i  in the total fuel-air mixture, Le Chatelier’s flammability rule can be written 

i=l Li { < 1 nonflammable 

For a liquid fuel at temperature T in equilibrium with its vapor, the component con- 
centration Xi  can be determined from the measurements of the component (subsection) 

> 1 flammable 
(4) 

xi LCR = c- = = 1 flammability limit 

vapor partial pressure PU,$(T) 

(5) 
PU,%(T) x, = - 

P 
where P is the total pressure. 

In the case of Jet A, we are considering effective “components” that are not pure 
substances and also are not at room temperature. We do not consider the actual indi- 
vidual components for two reasons. First, the individual components were not resolved 
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in the analysis of Woodrow (2000) so we do not have the actual concentration of each 
molecular species that is present in the vapor. Second, there are over 100 individual 
species in Jet A and the flammability limits have not been measured for many of these 
species. For these reasons, we consider components that are actually composites that are 
representative of a subsection with a particular number of carbon atoms. As shown in 
Fig. 2,  the fuel is a mixture of paraffins, is+paraffins, olefins, napthalenes, and aromatics. 
The data indicate that the two major categories are the alkanes and the aromatics. Data 
on the flammability limits of these two representative components are given in Table 5.  
The effective values of Lf for each subsection were obtained by applying Le Chatelier's 

Table 5 :  Lower flammability limits (volume %) of representative Jet A components at  
25"C, Kuchta (1985). 

C5Hn CciHn C7Hv) CXH~, C d L  CIOH,, CIIHV, CIZHV, CI~HV> 
alkanes 1.4 1.2 1.1 0.95 0.85 0.75 0.7(') 0.6 0.395(') 
aromatics 1.455(') 1.3 1.2 1.08 0.79 0.805 0.615(') 0.475(') 0.335(') 
(1) Extrapolated. (2) Estimated. 

flammability rule to  a mixture of 80% alkanes and 20% aromatics for each subsection. If 
the fraction F of the fuel component is alkane and 1 ~ F is aromatic, then the effective 
value of L is given by 

1 F (1  ~ F )  
~ -~ 
~ 

L Loikonr  + Loro"noLz< 

The temperature correction (Affens and McLaren, 1972) is 

L(T)  = L(25"C) (1.02 ~ 0.000721T) (7) 

where T is given in "C. The predicted variation is relatively small (less than 3.3% variation 
in L)  for the temperature range (30 to  60°C) that we are considering. 

The flash point is determined by computing the Le Chatelier ratio LCR (Eq. 4) as a 
function of temperature. This computation uses the vapor pressure for each subsection 
given in Table 2,  the relationship between vapor pressure and fuel fraction (Eq. 5 ) ,  the 
pure substance flammability limits of Table 5 ,  the temperature correction of Eq. 7 and 
the mixing rule of Eq. 6. Numerical solution of the equation L C R ( T F ~ )  = 1 determines 
the predicted flash point T F p .  Since composition data were only available at three tem- 
peratures, the results were fit to a Clausius-Clapeyron type exponential dependence on 
reciprocal temperature to  interpolate or in some cases extrapolate, in order t o  determine 
the value of T at which the Le Chatelier ratio was unity. Values of the LeChatelier ratio 
at experimental flash point are listed in Table 6 along with the predicted values of flash 
point. Plots of the Le Chatelier ratio as a function of temperature are shown in Fig. 16 
for all eight fuel samples. A comparison between predicted and measured flash points is 
shown in Fig. 17. 
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Base Fuel FP45 .6  'C 
97.5 wl% Btm FP=54.0 T 

A 9.5 wt"h Btm FP=59.6 ~C 
0 92.5 wt"h Btm FP=65.I ~C 
0 90 \\,to% Btm FP=68.9 'C 
0 87.5 wl% Btm FP=71.2 T 
A S5 wt"h Btm FP=73.5 ~C 

- 
0 " " " " " " " " " " " " " " " " " "  

2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 
l 000 iT  (K) 

Figure 16: Le Cliatelier ratio vs. teinperature for all of the ARC0 fuel samples. Trend 
lines are expoiiential functions of rec,iprocal temperature. The Inass-volume ratio is 
400 kginr'. 

Table 6: Le Cliatelier rat,io and predicted flash point,s for all 4RCO fuel samples: 400 
kg/nr' niass loading. 

Fuel FP 40°C 50°C 60°C LCR TFP(LCR = 1.0) 
("C)  ("C)  

2.5wt% OH 29.0 1.94 3.12 4.14 1.26 23.7 
Base Fuel 45.6 0.85 1.36 1.97 1.10 43.4 
9 7 . 5 d Z  Bt~i i  54.0 0.51 0.80 1.32 0.99 54.2 
95wt,% Bt,rri 59.5 0.35 0.55 0.94 0.90 61.8 
9 2 . ~ %  Bt,ill 65.0 0.26 0.47 0.74 0.95 66.0 
9Owt% Etm 68.9 0.24 0.40 0.74 1.13 66.4 
87.5TvtS Etin 71.2 0.19 0.32 0.57 0.98 71.6 
85wt% Et,m 73.5 0.16 0.26 0.46 0.8i  77.3 

Average = 1.02 

4.2 Flash Point Prediction with Fuel-Air Mass Ratio Rule 

A second rnetliod used to  estirnat,e flash point relies on the rinpirical observation (Kuchta, 
1985) that the fuel-air mass rat,io f assumes a nearly constant value for a wide range of 
fuels at the LFL. This is supported by d a h  given in Kuchta (1985) (p. 27). who observes: 
"For most sat,urated liydroc,arbons, t,lieir lower limits on a weight basis are approximately 
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20 30 40 50 60 70 80 90 
Measured Flash Point (‘C) 

Figure 17: A comparison of tlie ineasured flash points and t,he values predicted using t,he 
Le Cliatelier ratio technique. 

45&5 rng/liter of air at  standard conditions (25°C arid 1 atin).” This is equivalent to  a 
fuel-air mass ratio f p L  at the lean limit of 0.033 < f p L  < 0.0i1. Previously, a single 
value of fLFL = 0.035 was used for Jet h based on t,he evaluation presented ill Table 2 
of Shepherd et al. (1997) arid Fig. 41 of Shepherd et al. (1998). In the present study, a 
value of fLFL = 0.038 was found t,o better represent t,he dah .  

The fiicl-air mass rat,io f can be conipiitcd from thr molar i i i a , ~ ~  W’r and a,iiioiinit 
(lllolcsj Nr of fiicl arid that of air; Til;oir aiitl No{?; 

Tlie part,ial pressure P, of fuel caii be used to  firid the ratio Nr/N,i, 

N.r ~ p, 
N.r + No<? P 

~ 

or equivalently 

(10) 
Po Wr 

Po ir w o  ir 
f =  

wlicrc Poi? = P - Po. For t,lic iirc is iiii1di siiiallcr 
t,lian thc atinosphcric prcssiirc arid wc mii iipproxiiiiiit,c Poiv N P.  Sct,tirig t,lic fiicl-air rat,io 
equal to a constant ralue of 0.038 arid solving for the teinperature yields tlie predict,ed 
flash point. 4 s  in the Le Chat,elier method, the data are interpolated and extrapolated by 
fitt,iiig the Inass ratios t,o ail exponeiitial functioii of reciproc,al temperature. Tlie resuks 
are shown ill Fig. 18 aiid gireii in Table 7. The comparison of observed aiid predicted 

cs  of iiit,crcst,, t,lic fiicl p>irt,ial pr( 
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values for the flash point are shown in Fig. 19. The quality of the comparison is similar 

- 

t o  the results obtained 
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Figure 18: Fuel-air mass ratio in vapor as a function of 1000/T (K). The trend lines are 
eapoiieiitial fuiictions of reciprocal temperature. 

Table 7: Fuel-air mass ratios a,nd predicted flash points. llass loading of 400 kg,/m' and 
pressure of 1 atm. 

Projeckd Predicted 

Fuel FP 40°C 50°C 60°C: at FP hIR.=0.038 
i"C) ("Ci 

2.5wt,% OH 29.0 0.0757 0.1236 0.1652 0.0485 23.6 
Base Fuel 46.4 0.0325 0.0523 0.0763 0.0435 43.2 
97.5~& Btrri 54.0 0.0193 0.0303 0.0496 0.0375 54.3 
95wt% Btrn 59.5 0.0132 0.0206 0.0349 0.0335 62.3 
92.5Tvt%: Btm 65.0 0.0097 0.0175 0.0271 0.0351 66.8 
9(lwt% Btm 68.9 0.0092 0.0148 0.0270 0.0409 67.4 
87.5wt% Btm 71.2 0.0071 0.0118 0.0206 0.0:349 73.0 
85wt';; Btiii 73.5 0.0060 0.0097 0.0163 0.0297 79.2 

Measured Mass ratio FP 

Avcra,gc = 0.0380 
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20 30 40 50 60 70 80 90 

Measured Flash Point (“C) 

Figure 19: A comparison of tlie ineasured flash points and t,he values predicted using t,he 
niass rat,io method (fLFL = O.038). Mass loading of 4OO kg/in”. 

4.3 Effect of Mass Loading and Altitude on Predicted Flash 
Point 

Tlir ASTILI D 56 flash point iiica,surcnicnit is only carrictl oiit at, oiir wilur of fiicl loadiiig 
of fiicl loatliiig or1  flash point, is possihlc using this 

method. However. using t,lie flash point est,iiriat,ioii techniqiies developed above and tlie 
GC characterizat,ion of the fuel at, 3 kg/in3; a prediction of the shift in flash point, can he 
made. The Le Chatelier rat,io and t,he fuel-air inass ratio are plotted in Figs. 20 aiid 21 
for a mass loading of 3 kgim”. Quantitative analysis of this data in comparison to the 
400 kg,’m” results can he used to  infer the shift in fla,sh point,. The predic,ted flash points 
and shifts in flash point arc g i rm in Tahlc 8. Note that tlir fla,sli point, is prcdi 
iricrcasr wit,li dccrca,sing iiia,ss loading in a11 mscs except for thc highest, flash point fiicl. 
It, is not clear if the sign reversal for t,lic highest flash poirit, is physically rcasorial)lc. Wc 
suspect t,liat, this is an artifact of t,lie rather large ainount of extrapolat,ion of t,he data 
for this case. On tlie basis of t,he measured shift in composition aiid decrease of vapor 
pressure with decreasing mass loading. me a.ould expect that that flash point would he 
higher for lower mass loadings. 

ratio, arc within a h i t  
10% of cx:h ot,licr aiid thc tiiffcrcriccs ‘r)ctwccn 3 a r i d  300 kg/rn3 consistcnitly tlccrcasc as 
tlie measured flash point increases. It, is not clear if t,liis trend is a true physical effect or 
a consequeiice of tlie iiicreasing amount, of extrapolation that is required with increasing 
flash point. The shift in t,he base fuel flash point is predicted to be an iiicrease of 8°C 
with a decrease in inass loadiiig from 400 kgim” to 3 kg/n’3. 

cvdiiatiori of thc cff 

Tlic cliangcs prctiictctl hy bot,li incthotls. Le Chatclicr arid 111. 
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In order to apply this to the case of the accident aircraft (TWA 800), we must also 
account for the change in flash point with altitude. As indicated in Eqs. 5 and 10, as the 
pressure decreases with increasing altitude, a smaller vapor pressure of fuel is needed to  
achieve a given fuel-air mass ratio. This is the physical basis for the rule-of-thumb that 
the flash point decreases linearly by 1°F for every 800 ft increase in altitude (Nestor, 
1967), which is in reasonable agreement with ignition energy tests as reported by Lee 
and Shepherd (1999). The mass ratio method can be used to test this relationship by 
setting f = 0.038 in Eq. 10 and using the vapor pressure correlations of Eq. 1 together 
with a model dependence of pressure P on altitude z given by 

P ( z )  = Po exp(-z/H) (11) 
where H is the so-called scale height of the atmosphere, 8.435 km. Differentiation of 
Eq. 10 yields the following estimate of the flash point variation with altitude. 

Evaluating this equation for the base fuel yields a value of 2.84 "C/km, which is equivalent 
t o  a decrease of 1°F per every 524 ft, a rate of decrease that is about 30% greater than 
the rule of thumb given by Nestor. Given the approximate nature of this estimate, the 
agreement appears reasonable. 

By subsituting the pressure of 0.585 atm at the incident altitude of 14 kft into Eqs. 5 
and 10, we can predict the flash point a t  that altitude by using either the Le Chatelier or 
mass ratio. For the base fuel, the predicted flash point a t  a fuel-air mass ratio of 3 kg/m9 
and altitude of 14 kft is 38.4"C (mass ratio method) or 38.5"C (le Chatelier method). 
This is consistent with the ignition energy measurements (Lee and Shepherd, 1999) that 
showed ignition and flame propagation was possible for a mass loading 3 kg/m9 at  a 
temperature of 40°C with an ignition energy of 0.3 J. 

5 Ignition Energy 
A relation between the flash point and the spark energy has recently been investigated 
in Lee and Shepherd (1999). In that study, it was found that for ARC0 fuels at a high 
mass-volume ratio of 35 kg/m3 and a pressure of 0.986 bar, the temperature at which 
the fuel vapor can be ignited by an 0.3 J electrical spark is approximately equal t o  the 
flash point energy. It was further found that the minimum temperature for spark ignition 
of the fuel vapor correlates linearly with the flash point temperature (Fig. 22). Hence 
under specific conditions, the spark ignition energy appears directly correlated to the 
flash point. 

6 Fuel Weathering 
The fuel in the accident airplane center wing tank had been loaded in Athens and had 
been subjected to  large changes in temperature and altitude, collectively refered to  as 



26 6 FUEL WEATHERING 
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Figure 20: Le Cliatelier rat,ios calculated for a mass-volume rat,io of 3 kg,/ni3 and a 
pressure of 1 bar. The trend lines are expoiiential fuuctions of rec,iprocal t,eInperatnre. 
The horizont,al line shown is for a Le Chatelier ratio of unity 

* 2.5wt'% OH 
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Figure 21: Fuel-air mass ratio computed for mass-volume rat,io of 3 kg,/ni3 aiid a pressure 
of 1 bar. The 
horizontal liue shown is for a limit inass rat,io of 0.038. 

The trend lines are expoiiential functioiis of reciprocal temperature. 

"weat,hering" duriiig the flight to JFK. There was speculation that t,he weathering might, 
have affected the flammability aud coiiibust,ion properties of the fuel. h preliminary 
discussiou of the weat,hering issue is given on pp. 6-11 and 53-57 of Shepherd et al. 
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Table 8: Prediction of the effect on flash point (atmospheric pressure) of reducing fuel 
loading to 3 kg/m'. a T ~ p  = TFp(3 kg/m') - T ~ p ( 4 0 0  kg/m'), where the value of TFP 
at 400 kg/m' is that predicted by the same technique as used for the 3 kg/m' case. 

Fuel Le Chatelier mass ratio 
(LCR = 1) (f = 0.038) 
TF ~ T F P  TF ~ T F P  

("C) ("C) ("C) ("C) 
2.5wt% OH 34.5 10.7 34.1 10.4 
Base Fuel 51.7 8.3 51.4 8.3 
97.5wt% Btm 59.3 5.0 59.5 5.2 
95wt% Btm 64.1 2.2 64.7 2.4 
92.5% Btm 67.1 1.1 68.1 1.3 
90wt% Btm 69.6 3.1 70.7 3.3 
87.5wt% Btm 74.4 2.8 75.9 2.9 
85wt% Btm 75.3 -1.9 77.1 -2.1 

e 
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Figure 22:  The niinininiii temperature for ignit,ion of base fuel va,por by a 0.3 .T spark at, 
0.986 bar; 35 kg,/in' for tliffmwt, flash point fiicls (rcprotiiiccd froin L,cc arid Shcphcrtl 
(1999)). 

(1997). Thc rriairi cff of wmtkicririg is apparcrit,ly in t,lic loss of lower rriolcciilar iiiass 
coiiiporiciit,s of t,lic f i x 1  ussociatctl with thc flow of air-fiicl niixt,iirc out, of the fiicl t,aiik 
vapor space wlien the airplane is climbiiig. Subsequeritly flight tests were carried out 
(Bower. 1997) and liquid fuel saniples were obtained during these tests. The fuel was 
subject,ed to a number of takeoff. cruise and landing cycles t,o siniulat,e the operation of 
the airplane prior to and during the accident. The fuel samples were aiialyzed at UNR. 
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using the headspace GC technique and the results were reported in Woodrow and Seiber 
(1997). A preliminary evaluation of the effect of weathering on vapor pressure and molar 
mass are give on pp. 50-53 in Shepherd et al. (1998). We observed a systematic decrease 
in vapor pressure, an increase in molar mass, and a decrease in the concentration of 
lighter components with increasing number of operational cycles. Despite these changes, 
fuel weathered for three cycles was still flammable at 50°C and 0.585 bar. 

We have carried out flash point tests on these fuel samples to determine how the 
fuel was affected by the repeated cylces experienced in the flight test program. Three 
determinations of flash point were made for each sample. The individual determinations 
and the average are reported in Table 9. The fuel sample numbers are the same as 
reported by Bower (1997) and Woodrow and Seiber (1997). A cycle refers to a take- 
off, cruise, and landing sequence that simulates airplane operation for travel between two 
locations. A systematic increase in flash point with the number of cycles can be observed. 

Table 9: Effect of weathering on measured flash point for fuel samples obtained in July 
1997 flight tests (Bower, 1997) 

Sample Cycles GP,I TFP,Z G P , ~  T F P , ~ ~ , ~  
No. ("C) ("C) ("C) ("C) 
1 0 48.2 46.1 45.7 46.7 
2 1 50.6 51.9 50.4 51.0 
3 2 50.6 50.7 51.7 51.0 
4 2 50.6 52.2 51.7 51.5 
5 3 51.6 54.6 53.1 53.1 
6 4 53.3 53.1 53.2 53.2 
7 5 54.1 55.6 54.1 54.6 

The largest increase occurs in the first cycle and there is very little change observed due 
to  the second cycle. On the average, the flash point increased about 1.5"C per cycle of 
operation. The fuel in the center wing tank of the accident aircraft experienced one cycle 
and part of another so that an increase in flash point temperature of about 1.5-3°C can 
be ascribed to the weathering process. 

These results are consistent with measured (Woodrow and Seiber, 1997) vapor pres- 
sure and composition comparisons shown in Shepherd et al. (1998). It is also clear that 
the flash point measurement has some uncertainty and care must be taken not to read 
too much into small differences in flash point. The uncertainty is unavoidable due the 
crude scales (0.5"C increments) employed on the ASTM thermometers and the use of 
open loop control on the temperature bath. 

Finally, it is important t o  note that the flash point tests were carried out 2-1/2 years 
after the fuel samples were obtained. During this time, all samples were kept in 1-liter 
glass bottles with teflon-gasketed screw tops. The samples were also sealed in plastic 
bags to  check for any leakage; none was observed. The samples were obtained at  JFK 
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and then shipped to  Reno for testing. After being stored in Reno for about 6 months 
they were then shipped to  Caltech. Samples 1, 2, 4, 5, and 7 were kept refrigerated 
(5-7°C) at Caltech and samples 3 and 6 were kept at room temperature. No visible 
degradation was observed in the samples during this time with the except of a slight 
change in coloring (yellowing). Samples 3 and 4 were subjected to  the same number of 
cycles and the flashpoints are nearly identical, indicating that the storage temperature 
did not affect the flashpoint significantly. 

Our experience with storing Jet A is consistent with industry experience (Batts and 
Fathoni, 1991) with long term stability of stored fuel. The military stores aviation 
kerosene for periods of up to  10 years and periodically tests the fuel for degradation. 
The most serious problems occur when the fuel is exposed to  dissolved metals like copper 
and there are large amounts of dissolved oxygen or air in the fuel. This can result in 
oxidation of the fuel and formation of deposits when subjected to high temperature stress 
tests. The method of storage we used minimized exposure to  oxygen and no metals were 
in contact with the fuel. No sediment or obvious microbial contamination (Gaylarde 
et al., 1999) was observed. Repeat tests’ of fuel stored at Reno over a similar period of 
time showed no measurable changes in headspace GC results. Repeat measurements of 
flash point on the ARC0 fuel (stored for about 1-1/2 years at ambient temperature in 
painted metal cans) showed no systematic changes over this time. For these reasons, we 
believe that the storage did not affect the flash point of the flight test samples and that 
these results are representative of the actual changes that occured due to  the weathering. 

7 Summary and Conclusions 

The relationship of composition and flash point has been studied for Jet A fuel with flash 
points between 30 and 73°C. We have shown that the flash point can be predicted within 
*3”C by using either Le Chatelier’s flammability rule or a constant value of fuel-air ratio 
equal t o  0.038. 

The effect of mass loading and altitude on flash point have been examined using the 
fuel-air mass ratio method of predicting flashpoint. We find that a decrease in fuel loading 
from 400 to  3 kg/m9 is predicted to increase the flash point of the base fuel (measured 
flash point of 46°C) by 8°C at fixed pressure (1 atm). Increasing the altitude from sea 
level t o  14 kft (lowering the pressure to 0.585 bar) and simultaneously reducing the mass 
loading to 3 kg/m9 is predicted to  lower the flash point by about 5°C. The predicted 
flashpoint under the accident conditions for TWA 800 is between 38 and 40°C. 

Based on a limited number of data points, it appears that the minimum temperature 
for ignition at  a spark energy of 0.3 J is equal t o  the flash point. This suggests that it 
is possible to  shift the ignition energy vs. temperature curves to  account for flash point 
variations. 

The effect of weathering is t o  increase the flash point by about 1.5”C per operational 
cycle. The effect on the fuel in the center wing tank of TWA Flight 800 would have been 

‘Private communication from J. Woodrow. March 2000 
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t o  increase the flash point slightly (1.5 to 3°C) over the unweathered value. 
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